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Foreword 


Aerojet Liquid Rocket Company submits this Final Report as part 
of the program, Acoustic Cavity Technology for High Performance Injector, 
NAS 9-14232. 

The work was conducted under the cognizance of Mr. R. C. Kahl of 
NASA/JSC who was contract monitor. Aerojet management includes Larry 
Bassham, Program Manager, Dave Kors, Operations Project Manager, and Roy 
Michel, Project Engineer. 

Many individuals contributed their skills and efforts to the attain 
ment of program goals. Gene Hron was responsible for fabrication of the 
test hardware. Testing was conducted with efficiency and thoroughness by 
test engineers, Arnold Keller and Pete Stretch, along with instrumentation 
engineer, Duane Robertson. The perplexities of test data correlation and 
numerous acoustic and stability analyses were fronted by Jim Fang, Ross 
Hewitt, John Hidahl, Bill Lawver, and Jim McBride. 



Abstract 


This contract. Acoustic Cavity Technology for High Performance Injector, 
NAS 9-14232, was undertaken to show the feasibility of damping more than one 
mode of rocket engine combustion instability by means of differently tuned 
acoustic cavities sharing a common entrance. A secondary program objective 
was to develop analytical procedures and acoustic modeling techniques for pre- 
dicting the stability behavior of acoustic cavity designs in hot firings. 

The program had two major aspects: full scale testing of various 

common entrance, dual cavity configurations, and subscale testing for the 
purpose of obtaining motion pictures of the cavity entrance region, to aid in 
determining the mechanism of cavity damping. As a part of the full scale 
testing, extensive acoustic modeling was undertaken to screen candidate con- 
figurations. Speakers driven by signal generators were used to simulate 
acoustic modes, and both single and multiple leg cavities were evaluated. 
Damping effectiveness of selected cavity configurations was tested in full 
scale hot firings using a 6000 IbF thruster and an injector known to be 
unstable in three acoustic modes. In the subscale testing, high speed motion 
pictures were taken through quartz windows in the side plate of the narrow 
rectangular chamber. Various cavity tune and entrance configurations were 
examined. 
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INTRODUCTION 
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The primary objective of this program was to establish the feasibility 
of damping more than one mode of rocket engine combustion unstability by means 
of differently tuned acoustic cavities sharing a common entrance. The major 
advantage of such "dual cavity" configurations over conventional bitune devices 
-- in which two types of cavities are arranged in some syirmetrical pattern 
around the circumference — is that standing acoustic modes cannot set up at 
points of poor damping around the periphery and that cavity entrance area is 
reduced for a given cavity volume. Figure 1 illustrates bitune and dual 
cavity concepts and shows how standing modes can set up with the former but 
not the latter. The secondary program objective was to develop analytical 
techniques along with simple bench test procedures for predicting the stability 
behavior of acoustic cavity designs in hot firings. 





The program consisted of five tasks which relate to three major areas 
of investigation: (1) acoustic bench tests to screen candidate cavity configu- 

rations, using a "two-dimensional" lucite model of the chamber and one or two 
speakers driven by signal generators to simulate the acoustic modes; (2) sub- 
scale hot firings with a "two-dimensional" chamber designed to permit high 
speed motion picture photography of the injector/cavity region; (3) full scale 
hot firings with a 6000 IbF thrustor and an injector known to be unstable in 
three acoustic modes, to evaluate the damping effectiveness of various multi- 
mode, common entrance configurations. 


Two such dual cavity devices indicated multimode damping capability. 

The cavity legs in one were positioned axially and radially; in the other, both 
legs were oriented in the radial direction. 

The high speed movies obtained with the subscale unit are apparently 
the first ever taken of stable and unstable combustion in the cavity entrance 
region. The most remarkable features observed in the movies were the coupling 
between the acoustic mode and the propellant flow field during unstable com- 
bustion, and the shortening of the distance travelled by the propellant prior 
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Dual Cavity Versus Bitune Cavity 




I, Introduction (cont.) 


to complete combustion as a result of unstable operation. In geneid, the 
movies showed minimal interaction between the cavity and the chamber region. 

The analytical results testify to the progress being made in understand- 
ing combustion stability and developing analytical techniques for predicting 
stability characteristics. Correlat' i of cavity pressure amplitudes measured 
in subscale testing with the basic cavity model quantified values for the damp- 
ing and inlet resistance parameters and the cavity gas sound speed. Correlation 
of pertinent stability results in full scale testing demonstrated the capability 
of the overall analytical nethodolcgy encompassed by the Injector Face Acoustic 
Resonator (IFAR) computer program developed by Aerojet; application of the pro- 
gram to dual cavity configurations represented an extension of previous analyti- 
cal capabilities. In a sense this has been an "ideal" program, because it in- 
volved analysis, acoustic modeling, subscale testing, and full scale testing, 
and because the analysis could relate these other three areas to each other. 

The primary program objectives regarding multimode damping was achieved 
in full scale testing. Secondary objectives to develop analytical and bench 
test techniques were fulfilled by the modeling, subscale and full scale test 
efforts. 
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1 1 . SUMMARY 


The program consisted of five tasks as follows: 


Task I - Design and Analysis 
Task II - Hardware Fabrication 
Task III - Demonstration Test 
Task IV - Design Update 
Task V - Reporting 

It is more convenient to divide the program into the three areas of concentra- 
tion, however: acoustic modeling, subscale/ photographic (2D chamber) testing, 

full scale (dual cavity) testing. 

Acoustic modeling was performed with a "two-dimensional" chamber/cavity 
model instrumented with high frequency pressure transducers; single and dual 
frequencies were driven by acoustic speakers. Single cavities up to 4.0-in. 
long were evaluated in both axial and radial orientations; dual cavities in 
series and parallel configurations, the latter in three geometrical arrangements, 
were also tested. 


I- 


6 ' 


Subscale/photoqraphic testing was also conducted in a "two-dimensional" 
chamber to allow high speed motion picture photography through quartz windows 
in the cavity entrance region. The injector utilized an X-doublet element 
pattern; six cavity configurations were evaluated, and 45 tests were con- 
ducted, using monomethyl hydrazine and nitrogen tetroxide as propellant. Most 
firings were bombed with 2.0 grain ROX bombs; first width (IW) mode instabili- 
ties wei e experienced with three of the cavity configurations. 

The full-scale test program used hardware sized for a 6000 IbF 
thrust application and a mixed element--splash plate and X-doublet--injector 
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II, Suirwary (cont.) 


known to produce at least three modes of instability. Forty-one tests were 
conducted, again with mo nomethyl hydrazine and nitrogen tetroxide. Eleven 
different cavity configurations formed by varying the arrangement of insertabl 
blocks in the cavity housing were evaluated, using fifty-eight 6.5 grain RDX 
bombs. Two of these configurations showed excellent multimode damping. 
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TIL RESULTS AND CONCLUSIONS 

A. ACOUSTIC MCr'^LING 

The acoustic modeling experiments indicated that a dual resonance 
condition can be achieved witn a dual leg, single entrance cavity, as was later 
confirmed in the full scale testing, and that each leg appears to use the en- 
tire entrance area. The experiments also showed that maximum damping of the 
primary mode of interest (d. pressed first width) was obtained when the two 
were legs physically parallel and the longer leg was adjacent to the face. 

In single cavity tests, an L-shaped cavity was found to have an acoustic length 
20% longer than the mean centerline distance, and in dual cavity tests the 
damping of the lower frequency leg was attenuated by interaction with the high 
frequf’cy leg. 

Acoustic modeling WdS instrumental in defining the wave paths for 
the analytical representation of the full scale dual cavity configurations. 

The low signal-to-noise ratio obtained at some frequencies limits the useful- 
ness of modeling techniques and necessitates a great degree of care by the 
investigator and a high level of sophistication in the instrumentation and 
data processing equipment. The use of piston-like sliders to adjust cavity 
length proved to be a constant source of irritation because of the leakage, 
and corresponding acoustic misrepresentation, introduced. Finally, simulation 
of mean flow through the chamber and recirculating flow in the cavity appears 
to be an aspect that should not be overlooked in future modeling efforts, 
because of the potential effects of such flow on cavity damping. 

B. SUBSCALE (2-D) TESTING 

Three of the six cavity configurations tested were bomb-stable at 
all operating conditions: the 1.0 in. length,* the 1.5 in. length, and the 0.5 

in. length with 0.25 in. overlap. Iwo were unstable at all operating points; 
the 0 in. length and the rounded inlet 0.5 in. length. The sixth, the 0.5 in. 

* as measured from the injector face 
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Ill, B, Subscale (2-fl) Testing (cent.) 


length unit, was unstable at low and nominal chamber pressures -- less than 
140 psi^. -- but stable at higher values. The first width mode freguency 
experienced was comparable to the first tangential mode of the full scale 
hardware. 


High speed movies of the cavity entrance region showed the propel- 
lants to be poorly mixed during stable operation, extending more than 2.0 in. 

-- the field of view — down the chamber without being fully combusted. Flow 
of raw propellant into the cavity was minimal but did occur with most con- 
figurations, often in a cyclic manner. Hot gas did flow into the cavity at 
a 45® angle, however, as evidenced by a zone of blue coloration indicative of 
the OH, NH, and CH radicals.* Gas recirculation in the cavity was apparent. 
Unstable operation, and postbomb recovery of some configurations, was marked 
by a shortening of the propellant streams prior to full combustion, to a 
distance that varied cyclically but was as low as 0.4 in. Wavering back and 
forth of the propellant streams was also observed, at a frequency correspond- 
ing to the unstable mode. During unstable operation some uncombusted propel- 
lant entered the cavity in a cyclic manner. 

The analytical model of the cavity closely correlated the ratio 
of pressure amplitudes measured at the back and entrance of the cavity, and 
thus provided values for the damping and inlet resistance parameters and the 
cavity gas sound speed. These values, and the cavity model itself, were used 
to correlate the stability of the full scale test configurations. 

The 2-D thruster was developed primarily to allow visualization of 
the cavity entrance region; it served this purpose admirably. Photographic 
results were of excellent quality. The high speed camera is a useful tool 
for such studies, and with sufficient external Illumination very high frame 


* Harrje, D. T., ed.. Liquid Propellant Rocket Combustion Instability, NASA 
SP-194, p. 487. 
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Ill, B, Subscale (2-D) Testing (cont.) 




I 





rates may be achieved; the present testing utilized frame rates as high as 
11,000 pictures per second although most of the movies were taken at 6,000 
pictures per second. A stroboscopic light source, synchronized with the 
camera, was used in several tests to provide a very short period of illumina- 
tion; although the strobe did not perform satisfactorily, it did show some 
aspects of combustion field behavior not evident in the color movies, particu- 
larly when used as a back light. 

The 2-D hardware v/as not intended to be a predictive tool per se 
for full scale combustion stability; nonetheless, it is of interest to note 
that the rounded inlet and larger overlap cavity configurations behaved in 
subscale tests as they did in earlier full scale testing conducted in NAS 9- 
13133, i.e., unstable and stable respectively. 

C. FULL SCALE TESTING 

Five basic cavity configurations, including six additional varia- 
tions of one configuration, were tested. Two of these -- a dual radial leg 
arrangement and an axial-radial leg arrangement — provided excellent bomb 
stability, although the limited number of tests compromises the statistical 
significance of the results. Some first longitudinal (IL) mode was experienced 
during the start transient with almost all configurations; this was beyond the 
range of cavity tune and thus not germane to the interpretation of results. 

At high chamber pressure, all conf igu> ations were stable. 

The Injector Face Acoustic Resonator (IFAR) model correlated the 
full scale stability trends quite closely, even to the extent that the mode of 
instability experienced was generally correctly correlated. Extension of the 
cavity model to dual cavity configurations was a direct "fallout" of the acoustic 
modeling work: the quiescent nature of the one cavity leg while the other is in 
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Ill, C, Full Scale Testing (cont.) 


resonance was brought to light by cork dust pattern observations. The subscale 
work also contributed to the full scale analysis with the quantification by the 
cavity n»del of various input parameters. 

The mechanism of acoustic cavity damping is the combination of mode 
shape alteration and energy dissipation within and at the entrance of the cavity. 
Cavity tune is important as damping effectiveness does not appear to extend over 
a broad band of frequency. Tune appears to be most sensitive to cavity gas 
sound speed. The IL and 2T modes experienced prior to the establishment of 
steady-state conditions in the cavity is predictable with the IFAR program, 
assuming reduced sound speeds in the cavity. 

Acoustic bench tests and subscale hot firings, in conjunction with 
appropriate analysis, are potentially useful techniques for gaining an under- 
standing of full scale stability behavior. The need for carefully conceiving 
such tests is quite apparent, however. 

Dual cavity concepts can provide multimode damping capability and 
appear suited to flight engine systems, notwithstanding mechanical design com- 
plexities introduced primarily by cooling considerations. 
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IV. RECOMMENDATION S 

The following recomntendations are grouped according ^o the areas of 
endeavor: 

Acoustic Modeling 

1. The effect of gas recirculation in the cavity ought to be modeled. 

2. Mean flow through the chamber should be modeled. 

3. The cavity entrance and exit loss should be determined by imposing 
a mean flow in and out of the cavity. 

4. The use of sliding pistons to vary cavity length should be avoided. 
Subscale/ Pho t ograph ic T e^U ng 


i 


1. The effect of injection velocity, chamber pressure, and Mach number, 
which are parameters in the ALRC stability model, should be confirmed by varying 
the throat area in the 2-D chamber. 

2. Other injector patterns should be evaluated. 


3. Different experimental methods, such as high speed shadowgraph 
motion pictures -- intended but not accomplished because of technical diffi- 
culties — or laser anemometry, should be utilized. 

4, The use of laser anemometry in conjunction with standard high 
frequency pressure measurement techniques should be considered as a means of 
uirectly evaluating cavity admittance. 
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IV, Recommendations (cont.) 


5. Narrow, rectangular chambers such as were used here should have 
ample provision to prevent warpage of the side plates — a continually worsen- 
ing problem throughout the testing. The capability of altering the chamber 
width to change the acoustic mode frequencies would be a worthwhile feature 
in such hardware. 

Full Scale Testing 


1. Further development of the dual radial and axial -radial cavity 
geometries should be pursued. 

2. The use of dual cavities in conjunction with other high performance 
injector elements should be considered. 

3. Statistical significance should be emphasised in stability testing, 
and ooerating point should be recognized as a variable in the statistics. 

4. The role of cavity entrance and exit losses on damping bandwidth 
should be investigated further. 

5. The effect on damping characteristics of fuel film cooling injected 
across the cavity entrance should be evaluated. 

6. Instrumentation to determine cavity gas sound speed should be 
routinely installed; this means, at the very least, high frequency pressure 
transducers located at the back and entrance to the cavity. In the case of 
dual cavities both circuits should be instrumented and an additional transducer 
at the branch point would be useful. 
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IV, Recommendations (cont.) 


7. Instrumentation to better characterize the cavity gas temperatu'^e 
should be developed. Thermocouples, or thermocouple rakes, must have high 
temperature capability and quick response. The effect of lead losses, radia- 
tion to the cavity walls and from the combustion products, and the local con- 
vective environment must all be considered when interpreting the indicated 
responses. 

Analytical Methods 

The IFAR model developed by ALRC can be improved in several ways: 

1. Better definition of the stability parameters n and i in terms of 
injector pattern and various injector parameters is necessary. 

2. Velocity coupling — i.e., coupling of the acoustic wave and pro- 
pellant velocity — should be considered; the IFAR analysis treats only pres- 
sure coupling. 

3. Feed system coupling should be included. 

4. Injector admittance is not currently considered in the model and 
should be. 
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V. 


APPLICATION OF RESULTS 


The primary result of this program was to demonstrate the damping effec- 
tiveness of differently tuned acoustic cavities sharing a common entrance. Such 
dual tuned cavities improve several aspects of bitune arrangements, in which 
two types of cavities are arranged symmetrically about the injector circumference. 
The improvements of dual tuning include: (1) prevention of standing modes 

oriented between symmetrically arranged cavities, (2) reduction in entrance 
area for a given cavity volume, (3) potential reductions in weight and cavity 
heat load. Accordingly, the application of dual tuned cavities to present or 
future engine systems is obvious . 

The acoustic bench tests, hot firings, and analytical modeling have all 
furthered the understanding of combustion stability and cavity damping. While 
continued progress in this area has been evident for some time at Aerojet, the 
subscale correlation for the first time gave a good measure of cavity gas sound 
speed and various damping parameters, and the ■*^ull scale correlations showed 
that the analytical procedures could be readily extended to complicated cavity 
geometries. What comes out of this then is considerable refinement and an 
increased confidence in the analytical methodology under development. 
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VI. ACOUSTIC MODELING 


A. INTRODUCTION 

Acoustic modeling was done as a part of Task I to guide the design 
of cavity configurations for full scale testing and, in conjunction with analy- 
tical methods, to improve the understanding of cavity damping mechanisms. 
Candidate cavity configurations were selected on the basis of providing multi- 
mode damping corresponding to the IT, 2T, and IR modes anticipated in hot 
firing, having a common inlet for multiple cavities, and maintaining dimensions 
within realistic geometrical limits. 

The basic cavity configurations involved legs in parallel, legs 
in series, or combined parallel -series arrangements. The "two-dimensional" 
(rectangular) chamber model was constructed of lucite and fitted with high 
frequency pressure instrumentation, primarily in the cavity region. Two 
acoustic drivers — speakers — provided different signals as desired. Cork 
dust in the chamber, which accumulates in patterns corresponding to the 
resonant modes, allowed visual observation of the model patterns established. 

The model tests showed that dual resonance is possible with a 
single cavity entrance, that damping effectiveness varies with orientation 
of the legs in the parallel leg configurations and that the series arrange- 
ment is inferior to the parallel leg system. In addition, the cork dust 
patterns observed in the cavities were instrumental in correctly defining the 
acoustic lengths used for analyzing the full scale dual cavity hot fire results. 

B. TEST SETUP 

Equipment used in testing is shown in Figure 2. It comprised 
the lucite model and acoustic driver, an analyzer which tracks on the driver 
frequency and gives on vumeters the amplitude and phase angle relationships 
of two input frequencies, a computer which after digitizing of the input 
stores and operates on the data, and finally a printer for printout of results. 



Acoustic Bench Test Setup 
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Aeroieit liquid Rocket Company COMPUTER 

Figure 2 


VI, B, Test Setup (cont.) 


The chamber model had internal dimensions of 8.00 in. width, 14.00 
in. length, and 1.50 in. height. The calculated resonant frequencies, for a 
sonic velocity of 1130 ft/sec were as follows: 


Mode 


Frequency , (Hz) 


Width Modes: 

First width (IW) 847 

Second width (2W) 1695 

Length Modes: 

First length (IL) 484 

Second length (2L) 969 

Third length (3L) 1453 

Combined Modes- 

IL + IW 976 

2L + IW 1287 

3L + IW 1682 

IL + 2W 1763 


That these frequencies were not exactly obtained is an indication of minor 
leakage or driver/wall interactions. 

Cavities were located on both sides of the chamber; the end- 
closures of the cavities were adjustable so that cavity tune could be varied. 
Five high frequency pressure transducers were used. Three were located in 
the cavities, two in the chamber. The cavity transducers were located in the 
end closures and at the intersection of cavities for the parallel leg designs, 
and at the entrance and base of each cavity in the series arrangement. The 
chamber instruments were located near the injector and in the end closure 
plate of the injector. 

Two driver locations were utilized: one near the injector face/ 
chamber wall intersection, the other at the far end of the chamber. 
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VI, Acoustic Model inq (cont.) 


C. PROCEDURE 

The test procedure Involved sweeping the frequency range of interest 
(40C to 1400 Hz) to identify all of the inodes of the chamber /cavity combination, 
using the pressure transducer reading as well as visual observation of the cork 
dust. The signal generator was then set at the various resonant frequencies 
and power input to the driver adjusted to a constant 25 watts; the amplitude 
meter gain was adjusted to yield full scale deflection for this condition. The 
frequency was then varied above and below the resonant value until the ampli- 
tude was reduced by 3db or to 0.707 of its full scale value. The bandwidth 
across the reduced amplitude points, Af, and the resonant frequency, f^, were 
thereupon recorded. 

Cavity resistance was inferred from the ratio of pressures measured 
at the entrance and back of che cavity. The analyzer could be operated to give 
the phase and amplitude ratio of any of the five input frequencies. As a check 
on noise and electrical interference the same signal could be input to both 
channels of the analyzer; the phase and amplitude ratio should be 0" and 1.0 
in that case. Generally, a reading within 2 " (phase) and 0.1 (amplitude ratio) 
was considered acceptable for measurement purposes. 

D. MODAL PATTERNS 

Various model patterns delineated by the cork dust in the chamber 
are shown on Figures 3 through 6. Figure 3 shows the first width (IW) mode 
with and without cavities; the scale of the test fixture is also shown. With 
zero length cavities the IW resonant frequency is 823 Hz. Addition of 4.5 in. 
cavities depresses the IW mode to 585 Hz. 
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Width Mode Shapes 
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VI, D, Modal Patterns (cont.) 


Figure 4 shows the first and second longitudinal modes, IL and 2L, 
with and without cavities. The third longitudinal mode, 3L, is pictured on 
Figure 5. Finally, the combined modes, IW + IL and IW + 2L, are given on 
Figure 6. 

E. SINGLE CAVITY TESTING 

Initial testing was done with single (one leg) cavities to estab- 
lish a baseline for dual (two leg) cavity performance -jnd to validate the 
test setup and experimental procedure. 

Bandwidth measurements maximized w'th a cavity length equal to the 
calculated 1/4 wave length of the IW mode in the chamber without cavities. 

The effective length of the "axial" cavity proved to be about 20% longer than 
that of the "radial" cavity, as shown on Figure 7; length here is defined as 
centerline distance from the cavity backwall to the cavity entrance at the 
chamber wall, and "radial" is ii' reference to the centerline of the simulated 
chamber. The explanation for the increased effective length of axial cavities 
is not apparent. 

The IW mode frequency was depressed by the single cavities, as 
expected. Figure 8 shows the depressed frequency and corresponding bandwidth 
as a function of cavity length. Damping ratio, 6/<sc, as defined by bandwidth 
and resonant frequency 

cS/X^ = Af/2fjj 

increased with cavity length to the maximum length tested, 5 in., as shown in 
Figure 9. It is notable that cavity lengths less than 1/8 wave length based 
on the undepressed IW mode had limited damping effect. 
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Longitudinal Mode Shapes 
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AerpieMJquid Rockei Company RESONATOR LENGTH, L (Inches) 

Figure 9 


VI, E, Single Cavity Testing (cent.) 


An investigation was made to determine if radial or axial cavities 
provide more damping. Results are shown on Figure 10 for the combined IW + IL 
mode, which was selected on the basis of being representative of the undamped 
chamber frequency. With shorter cavities, the radial configuration is superior 
with longer cavities the axial configuration is superior. 

Damping characteristics for various axial cavity lengths and all 
chamber modes between 400 and 1400 Hz are summarized in Figure 11 which plots 
bandwidth versus the ratio of depressed chamber frequency to theoretical 
resonant frequency of the cavity based on actual length. Damping is maximized 
at a frequency ratio of 0.8 approximately, i.e., at a point where the chamber 
frequency is depressed about 20% from cavity resonance. Thus the cavity gives 
the appearance of having an effective length about 20% greater than the actual 
length. 


F. DUAL CAVITY TESTING 

Most of the testing of dual cavity configurations involved cavity 
lengths of 4.0 and 2.0 in., which correspond respectively to maximum suppres- 
sion of the IT mode and midrange suppression of the 2T and IR modes in the hot 
fire hardware. 

To identify the interaction between the two cavity legs, one series 
of tests was conducted with both legs the same length, however. This condition 
would result in both cavities being equally active and produce maximum inter- 
action in terms of velocities at the cavity intersection. The tojt procedure 
was identical to that of the single cavity tests wherein the frtgfncy of the 
driver and the power input were held constant while cavity length was varied. 
Results are summarized in Fiqure 12. Both cavities were found to have equal 
effective lengths, which is contrary to the single cavity test results in 
which the axial cavity appeared to have a longer effective length, and the 
effective lengths appeared to be 25% greater than the actual centerline 
distances. For cavity lengths greater than the 3 in. resonant length, the 
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VI, F, Dual Cavity Testing (cont.) 


pressure amplification does not continue as it did with single cavities, indi- 
cating a possible interaction between cavities. 

Cork dust patterns within the cavities gave further evidence of 
cavity interaction. With cavity lengths of 2.0 and 4.0 in., and a frequency 
of 840 Hz, only the 4.0 in. leg showed any activity, since it was approximately 
1/4 wave length. At a frequency of 1670 Hz activity in the 2.0 in, leg was 
maximum since it corresponded to 1/4 wave length; activity in the 4.0 in. 
cavity was nil since it approximated a 1/2 wave length. 

Interaction between the two cavities was further explored with the 
resonator at 2 and 4 in. by exciting the system with two frequencies simultane- 
ously. Attention was focused on frequencies of approximately 600 and 1450 Hz 
as they approximate the ratio of the modes expected in the hot test engine. 

The results of these tests are tabulated below; the bandwidth, f^, is measured 
about the frequency, and damping ratio, 6/6^, is also calculated on that basis. 



DUAL FREQUENCY SUM1ARY, 

- 4.0, = 

2.0 IN. 

Test 

f 

Af 

!i 

Damping Ratio at f 


0 

c 0 

1 

586 

52 

0 

.045 

2 

586 

52 

870 

.045 

3 

591 

43 

1430 

..035 

4 

1473 

38 

0 

.015 

5 

1473 

38 

613 

.015 


The hiaher frequency, if sufficiently high, can influence damping 
of the lower frequency, as can be seen by comparing tests 1 and 3; intermediate 
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VI, F, Dual Cavity Testing (cont.) 


frequencies have no such effect, however, to wit tests 1 and 2. A possible 
explanation for this behavior is found In the single cavity tests -- Figures 8 
and 9 — which showed that as long as the cavity length was less than 1/8 wave 
length the cavity had little effect. 

The lower frequency did not, however, affect damping of the higher 
frequency, i.e., tests 4 and 5 wherein the damping ratio is calculated for the 
higher frequency. 

Damping characteristics for all dual cavity configurations tested 
are present(*d in Figure 13. These configurations include a series arrangement 
as well as three parallel ley arrangements, with the legs at 0, 45, and 90°, 
and a no cavity configuration. Leg lengths of 2 and 4 in. were utilized in 
the parallel arrangements. Various modal patterns are noted; these include 
the IL, 2L, 3L, IW and depressed IW, and the combined modes IW + IL, 1W + 2L, 
and IW + 3L. 


For the depressed first width mode, the 0° parallel leg configura- 
tion provided the greacest amount of damping, followed by the 45 and 90° parallel 
arre.igements, and better damping was obtained with the 4 in. leg adjacent to the 
Injector. The closeness of the bandwidth data does temper the validity of these 
assessments however. 

G. RESISTANCE MEASUREMENTS 

One test series was devoted to determining the resistance across 
the cavity entrance; a single 4 in. radial cavity was used for this purpose. 

The procedure involved measuring the pressure — amplitude and phase angle -- 
at three locations as shown on the accompanying sketch and solving the equations 
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VI, G, Resistance Measurements (cont.) 



developed below. Although the method is straiqhtfoi'ward, measurement accuracy 
is limited at anti-resonant points because of the low signal -to-noise ratio. 

Considering a short section of the cavity which includes the entrance, 
a force balance will be given by 



where P' is the fluctuating component of pressure, u' is the velocity, A the 
cross-sectional area, u the density, g the gravitati inal constant, and t time. 
Assuming u* to be sinusoidal 



'2 

) 

I 


i 

i 

I, 


u* 




iut 


;^u' 

IF 


i..Uoe 


ii.it 


iwu ' 




and the first equation can be rewritten 


■') 


R u' 
A P7 


ih)p». u' 
g 


From the simple wave equation 
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~T ~ ~7 ~~7 
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VI, G, Resistance Measurements (cent.) 


and the momentum equation for acoustics 


DP 

Dx 


L iy. 

g Dt 


It can be shown that 


ia. tan 

PC c 


and substitution into the rewritten first equation gives 


(¥ - ') 


iRg . u)L , u)X. (oL 

- tan — + — tan — 
Apc c c c 


Equating real and imaginary parts yields 


Real : 



0)^1. . aiL -1 

— tan — + 1 

c c 


Imaginary: ^ tan 


or, if <}> is the phase angle between P^' and ? 2 ' 


P ' 

5^'t cos iJ' 
^2 


4 tan + 1 
c c 


P ' 

3 

K-r sin 
^2 


Rg (i'L 

-T 
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VI, G, Resistance Measurements (cont.) 


The phase anqle (t> is determined directly by the co-quad 
pressure ratio and ^ is determined from cos'^ 
both i and R can be found. 


analyzer, as is the 

^ . Hence, 


Results are shown on Fiqures 14 and 15. Fiqure 14 presents the 
calculated lenqth, it; since the actual length is 0.5 in. the correspondence 
of calculated and actual values serves as a check on the validity of the pro- 
cedure. For the case of most interest, the pressure node and velocity antinode 
were located between P 2 and -- i.e., the cavity was resonant — and reason- 
able correspondence was obtained. At lower frequencies, this was not the case 
and in two regions the signal -to-noise ratio was insufficient to yoeld meaning- 
ful results. The calculated nondimensional resistance is shown in Figure 15; 
in the frequency range of interest a value of about 0.1 is indicated. This 
corresponds to a typical fiqure used in design evaluations. 

H. CONCLUSIONS 


The acoustic modeling perhaps raised more questions than were 
answered. In hindsight it is clear that certain tests might better have been 
done differently and that other tests might have yielded more useful informa- 
tion. This was somewhat of a pioneering effort, however, and little previous 
work was available for guidance. The bench tests did lead to the following 
conclusions: 


(1) A dual resonance condition can be achieved with a dual leg, 
single entrance cavity. 

(2) The damping of the lower frequency leg may be decreased by 
interaction with the higher frequency leg. 

(3) The 0“ parallel leg configuration appears to offer the maximum 
damping of the primary mode of interest, the depressed first width mode. 
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VI, H, Conclusions (cont.) 


(4) Each cavity leg appears to use the entire entrance area for 

damping. 

(5) The preferred location of the longer cavity is adjacent to 
the injector face, for the depressed first width mode. 

(6) In single cavity tests, the L-shaped cavity appears to have 
an acoustic length 20% longer than the mean centerline length. 

(7) Linear analysis of the cavity entrance resistance appears 
feasible over a limited frequency range near the cavity resonant point. Else- 
where, large errors are indicated or the signal -to -noise ratio is poor. 

(8) Cork dust patterns observed in the cavities were useful in 
defining acoustic lengths in the analysis of hot fire configurations. 



VII. WJALYTICAL METHODS 




Stability prediction at ALRC enjoys a moderate degree of success using 
a computer program called IFAR— Injector Face Acoustic Resonator--which is 
based on the Crocco-Reardon sensitive time lag combustion model\ The signi- 
ficant advantage of IFAR over other analytical techniques is that it directly 
evaluates the effect of damping devices on combustion stability. 

The component parts of the IFAR program are illustrated in Figure 16. 

Basically, IFAR solves the wave equation for the chamber geometry; the boundary 
condition at the injector end is defined by the combustion gas generation rate > 

and the resonator or baffle admittance; at the other end the boundary condition { 

is specified by the nozzle admittance. The combustion gas generation rate is 1 

derived from the Crocco-Reardon model which assumes a dead time exists between ■’ 

propellant injection and propellant combustion. The model further assumes that 
the combustion proce*:s becomes "sensitive" to the pressure field during a sensi- 
tive time period just orior to vaporization, which is considered instantaneous. . 

The result is a pressure interaction index parameter, n. which describes the 
level of combustion sensitivity, and a sensitive time lag parameter, x, which 
describes the combustion frequency sensitivity. The gas generator rate can 
therefore be described as a function of the n-x parameters. 

Resonator admittance is calculated by means of a wave equation repre- 
sentation which includes the affect of geometry and cavity gas temperature. 

Nozzle admittance is based on the modified C.'occo-Reardon formulation developed 
by Zinn and Bell. Nozzle admittance is a function of nozzle geometry and com- 
bustion gas properties. 


Crocco, L. , and Cheng, S.’., Theory of Combustion Instability in Liquid 
Propellant Rocket Motors, AGARDograph #8, Butterworth's Sci. Pub. Ltd., London, 
1956. 

^ Zinn, B. T., and Bell, W. A., The Prediction of Three-Dimensional Liquid 
Propellant Rocket Nozzle Admittances, NASA CR-121129, Feb. 1973. 


Page 39 










■I iwt w w 






I 






«va 


VII, Analytical Methods (cont.) 

The IFAR output is a plot of the neutral stability boundary on the n-r 
plane as presented in Figure 17. Curves are shown for a typical chamber con- 
figuration with and without resonators. Stability is indicated by the position 
of the injector response (n-x) box relative to the neutral stability curve. 

3 

The Ti-T box is based on empirical data collected by Reardon, as reproduced in 
Figure 18. 

Upgrading the IFAR program is an ongoing effort at ALRC with the refine- 
ment of the cavity admittance calculation, generation of additional injector 
response data, and uccumulation of more-and-more test experience. 


^ Reardon, F. H., et al. The Sensitive Time Lag Theory and its Application to 
Liquid Rodet Combustion Instability Problems, AFRPl -TR-67-314, March 1968 
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VIII. SUBSCALE (PHOTOGRAPHIC) TESTING 
A. INTRODUCTION 

The subscale or photographic test program was the second phase of 
the original (dual cavity) test program. Its purpose was to observe the com- 
bustion field and propellant flow behavior in the cavity entrance region, using 
high speed motion picture photography. These visual records, in addition to 
considerable temperature and pressure data, were intended to advance the under- 
standing of physical events in the cavity and further clarify the mechanism 
of cavity damping. 

The test hardware was a "two-dimensional" (rectangular) configura- 
tion, with a width of 1.0-in. in the plane of view, to isolate a limited number 
of interacting propellant streams and to allow adequate external illumination. 
Circular quartz windows on either side permitted photographic viewing and 
external illumination. The injector pattern consisted entirely of X-doublet 
(XDT) elements in the same orientation, relative to the acoustic cavities, as 
the identical elements of the full scale hardware. Six cavity designs were 
evaluated; these encompassed variations in cavity length and inlet configuration. 

Forty-five tests were conducted. Most were bombed. Instabilities 
in the first width (IW) mode were induced with certain cavity configurations 
and the high speed movies of these are apparently the first ever taken of 
unstable conditions in the cavity region. Photographic quality was excellent. 

The movies showed the propellant streams to be poorly mixed during 
stable operation, with alternate layers of the two propellants extend ing--mostly 
uncombusted— beyond the field of view, approximately 2.0-in. from the injector 
face. Interaction between the cavity and the main flow field was minimal except 
that the latter introduced a recirculation pattern in the cavity. The most 
notable changes arising from unstable operation were that the propellant streams 


VIII, A, Introduction (cont.) 


were completely combusted very near the injector face, the distance varying 
with the unstable mode frequency, and that the injected streams wavered back- 
and-forth, also at the unstable mode frequency. 

Thermocouple data showed the cavity gas temperature profile to 
vary with cavity length and to be strongly influenced by inlet geometry. High 
frequency pressure transducer measurements taken at the entrance and back wall 
of the cavity allowed the energy loss at the entrance to be inferred and 
hence contribute to the ongoing effort to analytically model cavity /chamber 
interactions. 

B. HARDWARE, INSTRUMENTATION, TEST FACILITY 

The combustion chamber assembly consisted of a U-shaped chamber 
into which the injector and throat inserts are fitted and to which the side 
plates are bolted. The side plates each had two quartz windows for photo- 
graphic purposes; these could be replaced with steel windows having additional 
temperature and high frequency pressure instrumentation. The injector had 
78 elements, each consisting of one fuel and one oxidizer orifice, arranged 
in an X-doublet pattern which creates parallel and adjacent fans of the two 
propellants. The 78 elements were grouped in three rows of 26 elements each. 

A photograph of the major components of the assembly is presented 
in Figure 19. Figures 20 through 29 are the design drawings of the individual 
components and assanblies of the fixture. The major parts are as follows; 



Disassembled Hardware, 2-D Testing 
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Figure 19. Disassembled Hardware, 20 Testing 



Figure 20. 20 Combustor Assembly Componen 



Fiaure 21. 2D Combustor Top Assembly 



















Fiaure 24. Injector Manifold 








Figure 25. 























Figure 28. Steel Windows with Instrumentati 
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VIII, Hardwar<», Instrumentation, Test Faci 


MAJOR PARTS 

Description 

Chamber 
Side plates 
Injector 
Throat inserts 
End plate 

Steel instrumentation windows 
Steel windows 
Quartz windows 


ity (cont.) 


LIST 

Quantit y Drawing Mo. 

5 1183372-10 thru -14 

2 1183372-17, -l8 

2 1183372-29 

2+ 1183372-39, -49 

1+ 1183372-25 

3 1183372-59, -69, -79, -89 

2 1183372-34, 35 

4* 1183372-20 


+ Complete unit, two pieces per unit 
* Or as required due to discoloration or breakage 


• r 



Five cavity configurations were fabricated— i .e. , five chamber 
pieces— and two more were anticipated by reworking two of the five. Variations 
in cavity length, inlet tadius, and overlap (the distance the injector pro- 
trudes into the cavity beyond the chamber wall) were as follows: 

VARIATIONS IN CAVITY CONFIGURATION 


Item 

Injector 

Cavity* 

Inlet 

Cavity 

No. 

Overlap (in.) 

Length (in.) 

Radius (in.) 

Width (in.) 

12 

0.25 

0.5 

0 

0.60 

13 

0.125 

0.5 

0.25 

0.60 

14 

0.125 

0.5 

0 

0.60 

15 

0.125 

1 .0 

0 

0.60 

16 

0.125 

1.5 

0 

0.60 

17** 

0.125 

2.0 

0 

0.60 

18 

0.125 

0 

0 

0 


* Measured from injector face 

** Not fabricated, available by machining Item 16 


Item 17 was not made while Item 15 was obtained by adding 0.5-in. blocks to 
the Item 14 cavities rather than by rework procedures. 


Perturbation of the combustion field was accomplished with 2,0 
grain ROX bombs located approximately at midchamber. Overpressures were 
ample (to 100% of P^) and shrapnel damage to the face was not experienced. 





i 
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VIII, R, Hardware, Instrumentation, Test Facility (cont.) 


Early efforts to perturb the flow with a shock tube system that utilized a 
gaseous nitrogen source upstream of a calibrated burst disc failed to achieve 
satisfactory overpressures. 

Instrumentation included low and high frequency pressure trans- 
ducers as well as thermocouples. The high frequency (Kistler 601 or 601A) 
transducers could be located as follows: chamber, 3 places; injector mani- 

folds, 2 places; acoustic cavities, 5 places (on the steel instrumentation 
windows). Low frequency pressure transducers could be located as follows: 
chamber, 7 places; injector, 2 places; propellant tanks, 2 places. High .:nd 
low frequency instr,.ments were also located on the shock tube system. Thermo- 
couple instrumentation included: injector manifolds, 2 places; flow meters, 

2 places; heat exchangers, 2 places; acoustic cavities, 4 places (on the steel 
instrumentation window). Not all the instrumentation could be used simultan- 
eously because of the limited number of recording channels. 

Low frequency response parameters were recorded on a Consolidated 
Electronics Corp. direct writing oscillograph. High frequency measurements 
were recorded on a Sangamo model 3564 analog tape recorder. Operating point 
determinations and other calculations were made on a Hewlett-Packard 2100A 
computer. 


Testing was pv^'-formed in the Research Physics Laboratory, Test Bay 
A-2, at ALRC in Sacramento. Figure 30 shows the chamber as mounted on the 
test stand. The sea level test stand includes two 40-gallon run tanks, with 
propellant lines to the thrust chamber instrumented for pressure, temperature, 
and flow rate measurements. Half-inch valves were independently actuated and 
close-coupled to the injector. Gaseous nitrogen purges were located on both 
circuits to expel the propellants on shutdown. Sequencing of various engine 
functions and controls was done by the Hewlett-Packard 2100A computer. 
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Test Stand, 2>D Testing 



Figure 30 
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VIII, Subscale (Photographic) Testing (cont.) 
C . TEST SUMMARY 


The test matrix was laid out in terms of series and sequences in 
accordance with recent NASA-JSC programs; each series represents a particular 
test objective, each sequence a single hardware configuration. Consecutive 
test numbers were assigned, however, following ALRC's customary approach. 


The test 

matrix 

is summarized 

below; 




TEST MATPIX 

Series 

Item 

Operating 


Sequence 

No. 

Point 

Notes 




Series I - Checkout 

I-l 

14 

Nominal 

Checkout, balance sy'.tan, evaluate shock tube 
apparatus, sequence, etc. 



Series II 

- Cavity Tune Investii ition 

II 1 

14 

Box 

Baseline configuration 0.5-in. cavities. 

II-2 

16 

Box 

1 .5-in. cavities 

II-3 

18 

Box 

No cavities 

II-4 

15 

Box 

1 .0-in. cavities 



Series III 

- Inlet Radius Investigation 

III-l 

13 

Box 

0.25-in. radius 



Series 

IV - Overlap Investigation 

IV-1 

12 

Box 

0.25-in. overlap 


The 

operating point "box" referred to above describes the "corners" 

of the chamber 

pressure/mixture ratio matrix, as well as the nominal point in 


the center of the box; 


p 

c (psia) 

100 

125 

150 


r.w 


0/F (-) 

T.ir 


TM 


!i 
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VIII, C, Test Summary (cont.) 


The propellants were nitrogen tetroxide (N 20 ^) and monomethyl hydrazine (MflH). 
The fuel was heated in ten of the early tests but when no sensitivity to fuel 
temperature was observed in repeat testing, the procedure was discontinued. 

The entire test program is summarized in Table I, which gives the 
operating point conditions, propellant temperatures, stability result, camera 
settings, and pertinent remarks for each of the tests. 

Bomb and shutdown (FS 2 ) initiation were simultaneous. The stability 
results as based on CPIA 247 can be briefly described: 

STABILITY RESULTS 


Cavity Configuration 

Square-edged inlet: 
0-in. cavity 
0.5-in. cavity 
1 .0-in. cavity 
1.5-in. cavity 
Rounded inlet 
0.25-in. Overlap 


S tability Results 


Unstc e 

Stabl.. at high only 

Stable 

Stabl e 

Unstabl e 

Stable 


In all cases the indicated result refers to postbomb behavior. No spontaneous 
instabilities were experienced. The instabilities were always the first width 
(IW) mode. Postbomb ringdown back to stable operation involved both the IW and 
the 2W modes however, the latter with the 1.0 and 1.5-in. cavities. 


D. TEST SERIFS DESCRIPTION 


Sequence I-l . This was the first sequence of tests, conducted 
for the purpose of checking out, balancing, and sequencing the system. The 
first test, number 101, was 2.0 sec duration; this proved too long--heat marks 
were observed on the cavity lip--and the duration was subsequently reduced to 
0.8 sec. Also the throat area on the first test was 2. 24-in. which proved 
too large and was therefore reduced to 2.00-in. Test 102 was run under the 
revised conditions. Test 103 was the first firing t'' be bombed; a IW (first 
width) mode instability resulted and the quar+^z viewing window was shattered. 
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VIII, 0, Test Series Description (cont.) 
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Sequence II-l began the investigation of cavity tune--i.e., length 
— effects, starting with the same hardware configuration usC'J in the checkout 
test sequence. The first six tests (104 through 109) were conducted around 
the operating point box, with the result that the unit was bomb-stable at 
high chamber pressure but could otherwise be bombed unstable. Steel windows 
replaced the quartz viewing windows in these tests, and the bomb initiation 
was delayed, because of the inferred danger of breakage. The following group 
of tests (110 - 114) again utilized the quartz windows; the high speed camera 
was used for the first time, at 3000 frames per second with a 1/20 shutter 
wide open. Sequence II-l was concluded with five tests (115 - 119) in which 
the camera was operated at the highest frame rate available, 11,000 frames 
per second, to obtain a better time resolution of events observed in the 
first movies. Stability results for these five tests were unchanged from 
previous testing. 

Sequence 2 of Series II utilized the 1 .5-in. deep cavity configu- 
ration. Aluminum and magnesium shavings were sprinkled into the cavity to 
provide tracers of the fluid motion; after three tests pitting of the quartz 
windows was noticed and the procedure was discontinued. All five firings 
(No. 120 - 124) were bomb-stable, including o.ie low test conducted with 
heated fuel . 


In Sequence 3, the zero cavity depth configuration was evaluated. 
Although thert were no cavities in this unit, there was a notch in the chamber 
wall corresponding to the cavity entrance, due to maintenance of the nominal 
0.125-in. overlap at the cavity lip. The configuration could be bombed un- 
stable all around the operating point box. On three of the tests a strobe 
was used for illumination, to stop motion in the flow field; electrical 
problems precluded a long sequence of flashes, but a small and sometimes 
random number was obtained. 
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VIII, D, Test Series Description (cont.) 


Series III consisted of one sequence of tests (No. 131 - 135) of 
the rounded inlet configuration. In every test the bomb resulted in instability. 
Use of the strobe was again attempted on two of the tests, with limited success. 

The Cavity Tune Investigation (Series II) was continued with a 
series (Mo. 136 - 140) of tests in which the cavity depth was 1.0-in. This 
configuration was created by adding 0.5-in. long blocks to the 1.5-in. cavity 
unit tested earlier. Salt (NaCI) was tried as a tracer and was found to 
leave white streaks on the windows. Although the streaks could be easily 
washed off with water, the practice was discontinued. All tests were stable. 

The final series of tests, Series IV, investigated the effect of 
overlap with a configuration having a 0.25-in. overlap rather than the nominal 
0.125-in. found on all other cavities. The unit proved bomb-stable, even at 
a chamber pressure of 85 psia. 

E. PHOTOGRAPHIC RESULTS 

The high speed movies were taken "‘'ith a Red Lake Hycam 16 mm high 
speed motion picture camera. This device usr*^ rotating prism to transfer 
the image from the optical system to the film p. .••,e and is capable of frame rates 
to 11,000 pictures per second. A rotating slit shutter provides shutter open- 
ings of 1/2.5 to 1/50. The effective exposure time is the product of the shutter 
opening and the reciprocal of the frame rate. Most of the present movies were 
taken at 6000 frames per second with a 1/10 shutter, giving an exposure time of 
(1/10) X (1/bOOO) or 16.7 usee. Two lenses were used; a 75mm Cosmicar and a 
55mm Pentax. 


Sufficient illumination was achieved by backlighting with a 1000W 
tungsten lamp focused through a Fresnel lens and with additional back and front 
lighting supplied by banks of 650W tungsten movie lights. A ground glass was 



VIII, E, Photographic Results (cont.) 


used as a diffusing screen for the back lighting. Total illumination signifi- 
cantly exceeded the combustion light. 

Ektachrome 7242 film was used for most of the tests; the remain- 
ing few were taken with 7241 film. Exposure and development was generally 
normal. In the high frame rate tests, the film was deliberately underexposed 
and overdeveloped; the gain in frame rate was judged to be not worth the loss 
of color balance. 

Examination of the movies, frequently on a frame-by-frame basis, 
was done with a time-motion study ( TMS) projector; the image was focused 
actual size on a sheet of graph paper, allowing measurements to be taken 
directly. 


Typically a firing would appear as follows. First comes a fuel 
lead, which is the result of test stand plumbing rather than intentional 
design. The oxidizer circuit then chugs as it comes up to pressure, no 
doubt because each greater injection of oxidizer causes a momentary rise in 
chamber pressure which in turn reduces the flow and so on — the sequence 
repeating until steady flow is established. Some combustion products flow 
directly into the cavity (Figure 31, Sketch "a"), as evidenced by a zone of 
blue coloration indicative of the OH, NH, and CH radicals. With the estab- 
lishment of steady flow, alternate layers of fuel and oxidizer in the chamber 
are apparent, as shown in Sketch "b" on Figure 31 . The fuel appears gray and 
the oxidizer orange. These layers extend over the distance visible, about 
2.0 in., and streaks on the chamber wall imply this condition of poor mixing 
exists to the throat. The zone of blue coloration exists between propellant 
layers and also at a 45" angle in the cavity, as shown by the arrow in Sketch 
"b" . Flow of unburned propellant into the cavity is minimal but does occur 
with some configurations, frequently in a cyclical manner. Recirculation of 
gases in the cavity is inferred (Figure 31, Sketch "c") on the basis of tracer 












VIII, E, Photographic Results (cont.) 

or other particle motion; velocities up to 250 ft/sec are calculated for the 
particles; presumably the gas velocity is greater. 

The bomb causes the propellant streams to be bowled over; in 
some cases flow is stopped right at the injector face. Intense flame light 
is produced for a moment. Some uncombusted propellant is swept into the 
cavity, at a 45° angle. Behavior thereafter varies with cavity configura- 
tion. The longer cavities and the 0.25-in. overlap configuration damp the 
perturbation in 3-4 msec, based on the high frequency pressure response data; 
during this time the propellant streams display some thickening and thinning 
(Figure 31, Sketch "d"), which is probably an indication of instantaneous 
adjustments to the flow rate. The 0.5-in, cavity, when it damps the pertur- 
bation, requires 12 or 13 msec to do so. During this interval, the propellant 
streams are foreshortened and oscillate both axially and in the direction of 
the width mode. 

When the unsteady combustion remains undamped -- as with the rounded 
inlet, zero cavity, or 0.5-in. cavity configuration at low chamber pressure -- 
the propellant streams remain foreshortened, wavering back and forth (Figure 
31, Sketch "e") as well as oscillating axially (Figure 31, Sketch "f"). The 
wavering and length variation both have a periodicity corresponding to the IW 
mode frequency. The length of the streams typically varies by 0.5 in., with 
the minimum length ranging from 0.4 to 1.5 in. Some flow of propellant into 
the cavity occurs, in a cyclical manner, and with the 0.5-in. cavity the outer 
fuel stream breaks into small puffs which occur at th° IW frequency and are 
perhaps a manifestation of jet interaction. 

Photographs illustrating some of the above points are reproduced 
in Figures 32 and 33. Unfortunately many the events of interest can be 
best understood by normal projection of the motion pictures -- particle or 
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VIII, E, Photographic Results (cont.) 


tracer action, recirculation, zones of blue coloration, flickering of light 
colored zones, much of the transient response, and all aspects of cyclic 
behavior. Isolated or single frames do not convey a sense of the motion in- 
volved nor do they reproduce the manner of coloration observed. 

F. ANALYTICAL RESULTS 

Analysis of the subscale test results centers on (1) modeling the 
various cavity geometries tested, and (2) correlating the experimental results 
with the models to infer the cavity gas acoustic velocity and parameters des- 
cribing the cavity inlet resistance and damping characteristics. 

1 . Cavity Model 

The generalized cavity geometry shown in Figure 34 is considered 
for modeling purposes. It consists of a short (aX ; 0) entrance section, Zone 
II, in which energy losses are attributed to viscous flow and nonlinear pressure 
drop, and a constant area section. Zone I, in which losses are due to viscous 
flow, heat conduction to the wall, and energy absorption by the gas due to 
nonequilibrium effects. The losses in Zone I are characterized by a single 
damping parameter, 6, and in Zone II by a single resistance parameter, R. 

Both terms are based on empirical data in the literature. 

The method of approach is as follows. The pressure amplitude 
ratio P]'/P 2' between planes 1 and 2 is defined by the liuear wave equation in 
terms of 4, the sound speed, C, and the cavity length, The acoustic adini:.- 
tance at plane 2, denoted fi2» '•s defined in terms of the same parameters. Tne 
pressure amplitude ratio P.,yp2' between planes 2 and 3 is calculated from the 
continuity and momentum equations in terms of R and 62 and an inertance para- 
meter X. The admittance is calculated from the same parameters. 


Page 71 


•Inlet Resistance 
•Area Change 





jstic Energy Loss 

• Viscosity 

• Heat Conduction 

• Absorption 


Figure 34. Acoustic Cavity Model 
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VIII, F, Analytical Results (cont.) 

The ratio can thus be determined, ^rorn tiie p''oduct of 

P^'/P 2 ' ' ® measured quantity as well, i.e., the indicated 

responses of transducers located at the back and at the entrance of the cavity. 
Hence the assumed values of 6, R, and C can be checked against measured data. 

The admittance 6^ is an input to the Injector Face Acoustic Resonator (IFAR) 
model described in Section VII which is used to predict stability of three- 
dimensional -- i.e., round -- combustors. The IFAR program lacks the capability 
of rectangular analysis; hence it cannot be applied to the 2-b hardware. The 
admittance however can be used as an indicator of stability trends, as 
discussed subsequently. 

The damping parameter 6 is related to the frequency response 
bandwidth and can be determined for a round tube from the following equation^: 



where y is the viscosity, r the tube radius, y the ratio of specific heats, x 
the gas thermal conductivity, the specific heat at constant volume, f the 
frequency, and P the pressure. However, comparison of the predicted and 
"’easured values of 6 show a large discrepancy at the higher frequencies of 
interest; for this reason it is best to estimate 6 from experimental (bandwidth) 
data when available. 

The inlet resistance R is based on Ingard's experimental work,^ 
in which the oscillatory velocity through an orifice was measured as a function 
of driven pressure amplitude. At hi„h sound pressure levels (SPL > 140 db) the 
sound pressure amplitude was found to be proportional to the square of velocity. 
Resistance, defined as the real part of the ratio of pressure amplitude to flow 
rate ampl itude. 



1 . 


Blair, D. W., Eriksen, E., and Berge, G. K., Acoustic Absorption Coefficients 
of Combustion Gases, AIAA Journal, Vol . 2, No. 2, Feb. 1964. 

Ingard, U. and Ising, H., Acoustic Nonlinearity of an Orifice, Journal of 
the Acoustic Society of America, Vol. 42, No. 1, 1967. 
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VIII, F, Analytical Results (cont.) 


P' 

R = ^ 


where: 


W = pAu' 


Since 


u./T. 


R can thus be written as 


R =>rF/ (A>JT) 

The parameter RA /~p is plotted in Figure 35 as a function of sound pressure 
amplitude. Hence, the value of R can be selected on the basis of the experi- 
mentally determined sound pressure level. 

The pressure ratio across planes 1 and 2 is based on the 
linear wave equation: 

P^'/Pp' = (cesh^ ^ - sin^ ^ 


where u is the angular frequency. The acoustic admittance is defined by the 
equation: 

g A Fsinh ^ cosh -^ + i sin ^ cos ^ I 


^2 "" "IT" 


cosh^ ^ 


-.•-2 oj ?, 

s>n 


where g^ is the gravitational constant and A is the cross-sectional area 


The pressure ratio across planes 2 and 3 is 






1 + (R^ + X^) + 2 (RG2^ - XG^^.) 
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VIII, F, Analytical Results (cont.) 


where x is an inertance parameter and the subscripts r and i refer to the real 
and imaginary parts of the complex G function. The admittance at plane 3 is 
written as 


.. 1 -t (R + ix) 62 

The pressure ratio and admittance equations form the basis 
of the Cavity Acoustics Program (CAP) which is ancillary to tt? IFAR Program. 
Inputs to the program include cavity geometry, sound speed, damping parameter 
6 and resistance R. Output includes the pressure ratio P^'/P^' ahd the 
admittance 6^. 

2. Experimental Data 


Experinental data pertinent to the above analysis comprise 
the cavity gas temperature measurements, from which the sound speed is calc.-- 
lated, and the ratio of pressures determined at the back and entrance of the 
cav.ty. These are discussed in detail below. 

Also measured, in the hopes of characterizing the energy 
release profile, were the chambe’ pressures in two axial rows. One row was 
at the chamber centerline, witri seven transducers located every 0,70 in. 
starting 0.30 in. from the injector face. The other row was near the 
cavity •'ntrance, with five transducers located 'very 0.10 in., starting 0.10 
in. from the face. The latter row, which was insUleo in a steel instru- 
mentation window, was of primary interest. Unfortunately the measurements 
were not consistent with expectations, even after correcting the bias in the 
instrumentation, by sealing and pressurizing the chamber for a tare reading. 
Figure 36 shews the profiles nve>^ the forwardmost inch of the chamber. The 
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Figure 36. Pressure Profiles for 2D Chamber 
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VIII, F, Analytical Results (cont.) 


window row shows an upward trend, amounting to 0.2 psi, and reads about 0.2 
psi higher than the centerline row. This was typical of several tests and is 
presumably the result of local flow effects. Since the pressure pro'^^iles were 
not considered indicative of energy release characteristics the measurements 
were discontinued after a few tests. 

Cavity gas temperatures were measured by thermocouple probes 
inserted at various locations as shown by Figure 37. Steady-state temperatures 
were not obtained because of insufficient firing duration; typical responses 
are shown in Figure 38 for three early tests. The 2.0 sec duration was unique 
to the first test; becauSv. of burn marks on the cavity edge the duration was 
reduced to 1.0 sec on all subsequent tests. The indicated temperatures in the 
0.75 to 0.85 sec time frame -- that is, near the end of the test -- are plotted 
in Figure 39 as a function of distance into the cavity. It should be noted 
that the thermocouple immersion depth was altered during the testing; the 
shorter depth resulted in lower temperatures, probably because of reduced con- 
vection nearer the wall in combination with increased thermocouple lead losses. 
In general the figure shows that the 0.25 in. overlap and rounded i-^let con- 
figurations promote higher cavity gas temperatures than the 0.125 in. square- 
edged inlet. Also, a trend of decreasing temperature into the cavity is 
evident, and the longer the cavity the lower the temperature at the back wall. 
Whether this is actually the case or the result of increased thermal capaci- 
tance of the gas mass and increased heat transfer to the wall is unclear. 

Pressure amplitude ratios of various component frequencies 
were obtained by filtering the PCAVl and PCAV2 records. The amplitude ratio 
PCAV2/PCAV1 for the first three width modes is given in Table II, along with 
other pertinent information for each test. Correlation of the pressure ampli- 
tude ratios is discussed below. The amplitude ratio is designated as positive 
when the filtered PCAVl and PCAV2 waves are in phase, and negative when they 
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Figure 37. Cavity Instrumentation 
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Figure 39. Indicated Gas Temperatures 




TABLE II 

2D CAVITY TEST RESULTS 


No. 

MR 

tpsi 

101 

1.63 

101 

102 

1.71 

121 

103 

1.60 

135 

104 

1.60 

134 

105 

1.43 

110 

106 



107 

1.66 

110 

106 

1.40 

161 

109 

1.69 

159 

110 

1.66 

136 

111 

1.41 

163 

112 

1.65 

137 

113 

1.90 

160 

114 

1.20 

|12 

115 

1.51 

139 

116 

1.61 

136 

117 

1.62 

161 

116 

1.63 

161 

119 

1.63 

111 

120 

1.61 

137 

121 

1.37 

112 

122 

1.85 

112 

123 

1.36 

163 

124 

1.4S 

111 

125 

1.63 

136 

126 

1.31 

112 

127 

1.37 

166 

128 

1.64 

112 

129 

1.75 

163 

130 

1.62 

163 

131 

1.67 

140 

132 

1.47 

163 

133 

1.65 

113 

134 

1.66 

136 

135 

1.54 

164 

136 

1.63 

137 

137 

1.37 

112 

136 

1.66 

112 

139 

1.40 

164 

140 

1.65 

161 

141 

1.35 

126 

142 

1.62 

122 

1H3 

1.36 

111 

144 

1.4A 

163 

145 

1.63 

65 


CAVITY 

Depth Inlet 
(in) C ooflq . 8c—b 

0.5* Sq.Edged No 
1 No 


O.S* Rounded 
0.5* Rounded 


US 

US 

Mel function 
US 


FREQUEHCT ( 

1U 


PCAV1 nc-PK 
Conp.Awp. (PSIl 


C««. Prt». 
C«9- Riip. 
Retie 


Yes 

13 

5 

IN 

2650 

* 

* 

* 

♦1.25 

* 

Ym 


US 

1H 

2700 

41 

8 

• 

♦1.20 

• 

Yet 

11 

$ 

1M 

2700 

- 

- 


♦1.20 

• 

Yes 


US 

IV 

2650 

41 

11 

6 

♦1.20 

♦1.73 

Yet 


US 

IV 

2725 

43 

9 

* 

♦1.22 

♦1.79 

Yes 


US 

IV 

2725 

46 

• 

• 

♦1.18 

• 

No 


s 

IV 

- 

- 

- 


- 

- 

Yes 

10 

s 

IV 

2600 

- 

- 


♦1.23 


Yet 

10 

US 

IV 

2750 

44 

13 

• 

• 

• 

Vet 

4 

$ 

3V 

2825 


- 



-2.70 

Yet 

4 

s 

3V 

2830 


- 


♦1.70 

-2.20 

Yet 

4 

s 

3M 

2900 


- 


♦1.69 

-2.73 

Vet 

4 

s 

• 

« 


- 


• 

* 

Yet 

4 

s 

• 

• 


- 


• 

• 

Yet 


US 

IV 

3250 

280 

70 


- 

- 

Yet 


US 

IV 

3300 

310 

70 


- 

- 

Yet 

- 

US 

IV 

3320 

330 

60 

*«*• 

- 

- 

Vet 


US 

IN 

3150 

290 

55 


- 

- 

Yes 


US 

IV 

3250 

330 

85 


- 

- 

Yet 


US 

IV 

3300 

330 

60 


- 

- 

Vet 


US 

IV 

2800 

65 

• 

« 

♦1.16 

• 

Yet 


US 

IV 

2750 

53 

• 

• 

♦1.1U 

• 

Yet 


US 

IV 

2875 

SO 

17 

7 

♦1.13 

♦1.67 

Yet 


US 

IV 

2750 

SO 

• 

• 

♦1.13 

• 

Vet 


US 

IV 

2725 

60 

• 

• 

• 

• 

Y** 

9 

S 

IV 

2500 




♦1.20 

• 

Yet 

7 

s 

* 

3000 




♦1.26 

* 

Yes 

6 

s 

• 

2650 




♦1.19 

* 

Yes 

7 

s 

• 

2670 




♦1.25 

• 

Vet 

6 

s 

• 

25no 




♦1.25 

♦ 

Yes 

6 

s 

• 

2750 




♦1.30 

♦1.52 

Yes 

6 

s 

* 

2750 




♦1.32 

• 

Vet 

6 

s 

• 

2800 




♦1.32 

• 

Yes 

6 

s 

* 

2550 




♦1.33 

* 

Yet 

6 

s 

• 

2500 




♦1.32 

• 


Cevlty Ges 
poeretufet i*f) 


TWI TCAV? TaV3 TCAV4 

1209 1402 > 


1427 1125 - 

MS 1515 

566 1425 - 

550 1542 - 

479 1551 

602 1547 > 

626 1434 • 

667 1366 - 

1090^ 750 

1165 600 - 

1006 632 > 

1021 611 

1290 667 - 

1074 817 530 125 

13 1242 866 510 133 

16 960 727 400 117 

1059 937 490 143 

1251 759 435 126 


1473 610 
966 506 
1340 932 
1104 647 


1492 

1510 1366 
1460 1447 
1556 1366 


Plnfomitlon UnevellMIe or (ntufficlent for Deterail notion 
••ChtnHi TCAVI Petition I T/C liptrtlon Depth! 

T/C mifunctlon 

*• Cittaeted frot Non-FlUered Pleybeckt, 3N 
CMponent Mplltudet Net Cttineted 


Page 82 


1 


f 


„4r V' 


VIII, F, Analytical Results (cont.) 

are out of phase. The phase is determined by the relationship of the component 
frequency to the cavity resonant frequency, as illustrated by Figure 40. The 
ratio is positive when the component frequency is less than the cavity's funda- 
mental frequency or between an odd order overtone and the next higher even 
order overtone. It is negative when the component frequency is between an even 
order overtone and the next higher odd order overtone. 

3. Pressure Rat4o Correlations 


As noted previously, the purpose of the cavity model was to 
establish numerical values for several input parameters by correlating experi- 
mental results. The parameters include the damping parametar, 6, the inlet 
resistance, R, and the sound speed in the cavity, c. The pressure amplitude 
ratio discussed above is the factor to be correlated. 


i 


I 

i’ 


I 





The damping parameter was found to have little effect on 
pressure amplitude ratio; the dominant element was found to be the sound speed, 
as illustrated in Figure 41. For this reason, the inlet resistance, R, and 
damping parameter, 6, were based on the formulations of Blair and Ingard pre- 
viously described, rather than on test data. The value of the damping para- 
meter was calculated to be 6 = 314 sec~\ for a mean gas pressure of 150 psia, 
a sound speed of 3300 ft/sec and a gas temperature of 3500°R. Corresponding 

bandwidth is 100 Hz. The inlet resistance was calculated to be 7400 IbF-sec/ 

2 

Ibm-ft , based on the amplitudes observed during the instability of the 0.5 in. 
deep cavity. 


The correlations obtained for the various cavity configurations 
are shown on Figures 42 through 46. Figure 42 shows the amplitude ratio for the 
0.5 in. cavity with both sharp edged and rounded entrance configurations Figure 
43 shows the ratio for the 0.5 in. cavity with 0.25 in. overlap. Here the 
measured data are misleading because the inlet transducer was displaced from 
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Figure 40. Sign Variation of Cavity Pressure Amplitude Ratio 
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qurf ''2 Cal c'ji ated and Measured Cavity Pressure Amplitude Ratio 
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Figure 44. Calculated and Measured Cavitv Pressure Amplitude Ratio, 
1.0 in. Deep Cavity with 0.125 ’n. Overlap 
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A 1.5", Sq. Edged,l/8" Overlap 

O 0.5", Sq. Edged .1/8" Overlap 
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Figure 46. Calculated and Measured Generalized Cavity Pressure 
Amplitude Ratio 

Page 90 


t 




VIII, F, Analytical Results (cont.) 

the inlet, as shown in Figure 37; if in the prediction the inlet resistance 
is ignored and the cavity length adjusted to account for transducer displace- 
ment then reasonable correlation is obtained with the measured data. The 
correlation for the 1,0 in, cavity is presented in Figure 44; band pass data 
for modes higher than the first width mode were not available for correlation. 
However, the first three modes are represented in Figure 45 for the 1.5 in. 

Jeep cavity. Finally, Figure 46 summarizes all of the above by plotting for 
all configurations the amplitude ratio versus normalized frequency; that is, 
the ratio of the component frequency to the cavity resonant frequency. Excel- 
lent agreement is obtained, indicating that the choice of parameters within 
the framework of the analytical model is reasonably correct. Since cavity 
admittance is formulated from these same parameters, it presumably can be 
calculated equally well. Most important in such a calculation is that the 
sound speed be well characterized; in that regard, variations in inlet geometry 
appear to affect the cavity damping characteristics primarily by changing the 
sound speed -- i.e., the gas temperature and composition -- rather than by 
altering the inlet resistance. 

4 . Stability Correlations 

Stability predictions cannot be made for these configurations 
because the IFAR program, which is used to predict stability, lacks a two- 
dimensional (rectangular) capability. Nonetheless, the admittance calculated 
by the CAP subroutine can be used as an indicator of stability trends. 

Figures 47, 48, and 49 show the real part of the admittance 
calculated for the 0.5, 1.0, and 1 ,5 in. cavities with 0.125 in. overlap, along 
with typical bomb responses, a summary* of wave component amplitudes and damp 
times, and for the 0.5 in. cavity a comparison of amplitude versus admittance. 


* based on band pass filtering 


n 




Page 92 





Figure 48. 't-ab'lit-/ Chdracteristics for 
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Figure 49. Stability Characteristics for 1.5 in. Deep Cavity 



VIII, F, Analytical Results (cont.) 

For the 0.5 in. cavity the admittance peak is around 9000 Hz. Hence the 3W 
mode, about 8400 Hz, is most damped, with successively less damping at the 2W 
(5600 Hz) and IW (2800) frequencies. Amplitudes of the component waves are 
seen to vary inversely with the admittance, being 6, 11, and 44 psi peak-to- 
peak respectively for the 3W, 2W, and IW modes. The admittance for the 1.0 
cavity peaks around 6000 Hz; hence the 2W mode is most damped. The 1.5 in. 
cavity admittance peak is between the IW and 2W modes, and thus the 3W mode 
is least damped. Successively shorter damp times are noted as cavity length 
increases and the admittance peak shifts to lower frequencies. Thus the 
observed stability trends are in agreement with the predicted cavity admittances. 

In summary, the data analysis achieved good correlation between 
the ratio ot pressure amplitudes predicted and measured at the back and 
entrance to the cavity, for all cavity configurations, and showed in a 
general way the correspondence of actual stability characteristics and 
predicted admittance values. These accomplishments highlight the progress 
being made to "reduce" combustion stability to a predictable science. 

6. CONCLUSIONS 

The movies showed the following: 

(1) During stable combustion, the propellant flow from the X- 
doublet injector is layered — fuel, oxidizer, fuel, oxidizer, etc. -- over 
the visible length (2.0-in.), i.e., is not fully mixed or combusted over that 
distance. 

(2) During unstable operation, the combustion couples with the 
acoustic field. Combustion is complete in 0.4 to 2.0 in., depending on cavity 
configuration and operating point; this length varies cyclically at the IW 
mode frequency, and the propellant streams waver back and forth at the same 
frequency. 
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VIII, G, Conclusions (cont.) 


(3) Durinq stable combustion, the f'ow of unburned propellant 
into the cavity is minimal although it does occur, frequently in a cyclical 
manner. The combustion products flow into the cavity at a 45° angle, 
approximately. 

(4) During unstable combustion, some cyclic flow of unburned 
propellant into the cavity occurs; detonation of the bomb causes considerable 
inflow. 


Data analysis showed the following: 

(1) The generalized cavity model appears to correctly formulate 
cavity acoustics, including damping, inlet resistance, and sound speed. 
Pressure amplitude ratios were closely correlated by the model. 

(2) The cavity gas sound speed dominates the analytical predic- 
tions; hence assessing the sound speed correctly is of utmost importance. 


IX. 


FULL SCALE (DUAL CAVITY) TESTING 


A. INTRODUCTION 

Full scale testing was conducted to demonstrate the feasibility 
of the dual cavity concept, i.e., multimode damping by differently tuned 
cavities sharing a common entrance. Hardware developed in the Orbit Maneuver- 
ing Fngine Platelet Injector Program, NAS 9-13133, was used for this purpose. 
The injector pattern, also ^rom that program, consisted of X-doublet and 
splash plate elements; it was known to be extremely high performing and 
unstable in the first three tangential modes as well as in a mixed mode 
termed resurging, hence was an excellent "instability generator" for evaluat- 
ing cavity damping effectiveness. 

- Forty-one firings were conducted, using nitrogen tetroxide and 

monomethyl hydrazine as propellants. Fifty-eight 6.5 grain RDX bombs were 
used, some of the firings being double-bombed; double-bombing in effect 
gives two evaluations per test point and thus yields significant economies. 

Five basic cavity configurations, and six additional variations 
of one of them, were evaluated. These include two dual radial leg concepts, a 
dual axial leg arrangement, an axial-radial design, and a bitune axial con- 
figuration. The six variations, of one of the dual radial units, involved 
reductions in cavity cross-sectional area. The dual radial and axial radial 
configurations showed the best damping characteristics. 

B. HARDWARE, INSTRUMENTATION, TEST FACILITY 

The hardware developed in NAS 9-13133 was modified slightly to 
accommodate the radial cavity legs: a larger flange was added to the fuel 

inlet manifold; this flange formed the wall of the radial cavities. A new 
cavity housing was fabricated as was a spacer plate to bring the injector 
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face in parallel to the enlarged flange. Also fabricated were 132 blocks 
that could be inserted into the cavities to change the cavity length or cross- 
sectional area. 

Figure 50 is a photograph of the enlarged flanqe; it shows also 
the injector face and axial cavities. The mating cavity housing is pictured 
in Figure 51. The insertable blocks are shown on Figure 52. Drawings repro- 
duced on Figures 53 through 58 show the top assembly, test assembly, injector., 
spacer plate, cavity housing, and cavity configuration blocks respectively. 

The basic parts list is given in Table III. 

The mixed element injector developed in NAS 9-13133 combined 
splash plate and X-doublet elements in concentric rings such that the higher 
energy release zones associated with the splash plate elements corresponded 
to zones of low acoustic pressure level for the anticipated acoustic modes, 
as illustrated in Figure 59. The stability history of this pattern as tested 
in NAS 9-13133 is summarized in Table IV. The injector was tested five 
times with bitune cavity configurations of various geometries; spontaneous 
instabilities occurred each time, with first, second, and third tangential 
modes as well as resurging in evidence. A third cavity type, installed 
radially, was added and resulted in stable combustion in five tests conducted 
over a wide range of operating condition^. Substitution of Aerozine-50 (50i^ 
hydrazine, 50% unsymnetrical dimethyl hydrazine) for the fuel resulted in 
instabilities on the two subsequent tests, however, and reducing the chamber 
length from the nominal 16 in. to 12 in. also resulted in instabilities. 

The injector fabricated for NAS 9-13133 was designated ME 1 and 
was reworked in that program; the platelet face was machined away and replaced 
with a different pattern. The face of the injector used in the present program 
was created (photoetched) from the same artwork and the unit was designated 
ME lA. The pressure drops across the face of ME 1A were about 10% higher 


Mixed Element Injector 





Dual Cavity Housing 






Figure 53. Top Assembly Dash Numbe 
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Figure 54. Test Assembly 









Figure 55. Injector Manifold 









Figure 56. Injector Spacer 








Figure 57. Acoustic Cavity Housing 






Fiqure 58. Cavity Configuration Blocks 










TABLE III 


BASIC PARTS LIST DUAL CAVITY HARDWARE 


Description 


m 

Heat Sink Changer 

1 

1164680 

Heat Sink Cavity Housing 

1 

1182370 

Mixed Element Injector Core 

1 

1163888 

Injector Manifold 

1 

1182385 

Injector Manifold Plate 

1 

1182411 

Oxidizer Inlet 

1 

1164016-9 

Cavity Geometry Blocks 

★ 

1182423 

1180202 

Teflon "O" Ring Seals 

1 

2-280 

11 II II II 

1 

2-148 

II II II II 

2 

2-165 

II II 11 II 

2 

2-169 

II II II II 

*As required. 

1 

2-029 
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Figure 59. Mixed Element Design Characteristics 
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SUMMARY OF OWE MIXED ELEMENT TESTING 
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IX, B, Hardware, Instrumentation, Test Facility (cont.) 


than those of the earlier injector; performance, however, was comparable, as 
shown by Figure 60. Stability characteristics of ME lA were anticipated to 
be substantially the same as those of ME 1, i.e., highly unstable. 

Instrumentation included high and low frequency response devices 
as listed in Tables V and VI, respectively. Instrumentation locations on 
the injector back side are specified in Figure 61, and on the chamber in 
Figure 62. 


Testing was conducted in Bay 5 of the ALRC Physics Laboratory in 
Sacramento. Figure 63 shows the sea level test stand. Heated fuel was 
supplied from a hot water counterflow heat exchanger located upstream of the 
valve; the thermal capacitance of the system delayed steady-state injection 
temperatures until 1.5 sec into the test however. Steady state conditions 
were maintained for 0.5-sec prior to bomb initiation. Nitrogen purges were 
activated on shutdown with a 100 psi override. The electrical sequence is 
given in Figure 64. 

C. TEST SUMMARY 

The approach to dual cavity testing is illustrated in the logic 
diagram of Figure 65. Briefly, the intent was to check out the damping effec- 
tiveness of the first of the two cavity configurations — i.e., the dual radial 
and the axial radial — selected on the basis of the acoustic modeling effort. 

If this configuration proved stable, it would undergo (1) operating point test- 
ing to investigate the effects of chamber pressure and mixture ratio variations, 
(2) margin testing involving reductions in cavity cross-sectional area, and (3) 
statistical testing to obtain a statistically sufficient number of test points. 

If unstable, the configuration would be tuned by changing cavity leg lengths; 
if stabilized, it would undergo operating point, margin, and statistical testing. 



Figure 60. ME! and MEIA Performance Comparison 






TABLE V 

HIGH FREQUENCY RESPONSE INSTRUMENTATION 


Test 

Parameter 

Symbol 

Instrument 
Make Model 

Limit 

Axial Cavity 
Pressure, 320“ 

PaX-320 

Kistler 

601 

20,000 Hertz 

Radial Cavity 
#1 Pressure, 
270“ 

’’rAI-270 

II 

II 

II 

Radial Cavity 
#1 Pressure, 60“ 

^RAl-60 

ft 

II 

It 

Radial Cavity 
#2 Pressure, 60“ 

'*RA2-60 

II 

II 

II 

Radial Cavity 
#2 Pressure, 270' 

„'*RA2-270 

II 

II 

II 

Chamber 
Pressure, 0“ 

Pc-0 

Photocon 

307 

20,000 Hertz 

Chamber 
Pressure, 60“ 

’’c-60 

II 

II 

II 

Chamber 
Pressure, 270“ 

*’c-270 

II 

II 

II 


Cavity 
Accuracy Type 

+ 0.5% 3T 

H IT 

it 

5i 

II II 

II II 

5% 

II 

II 

II It 
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TABLE VI 

LOW FREQUENCY RESPONSE INSTRUMENTATION 


Recorder 


Test Parameter 

Symbol 

Range 

Units 

"0" Graph Tape 

"Digital 

Oxid. Tank Pressure 

POT 

0-1500 

psia 

X 

X 

Fuel Tank Pressure 

PFT 

0-1500 

psia 

X 

X 

Oxid. Injector Pressure 

POJ 

0-1500 

psia 

X X 

X 

Fuel Injector Pressure 

PFJ 

0-1500 

psia 

X X 

X 

Chamber Pressure 

PC-1 

0-1000 

psia 

X X 

X 

Thrust, A & B 

FA, FB 

0-6000 

lbs 

X 

X,X 

Oxid. Flowrate 

WO 

0-20 

Ib/sec 

X 

X 

Fuel Flowrate 

WF 

0-10 

Ib/sec 

X 

X 

Oxid. Flowmeter Temp. 

TOFM 

0-100 

"F 


X 

Fuel Flowmeter Temp. 

TFFM 

0-300 

°F 


X 

Fuel Injector Temp. 

TFJ 

0-300 

“F 


X 

Oxid. Valve Voltage 

VOV 



X 


Fuel Valve Voltage 

VFW 



X 


Injector Purge Valve Voltage 

VIPV 



X 


1 KHZ Time Code 




X 


Axial Cavity Tenperature 

TA-1 




X 


-2 




X 


-3 




X 


-4 




X 

Radial Cavity Temperature 

TR-1 




X 


-2 




X 


-3 




X 


-4 




X 

Bomb Trace #1 

VB1 



X 


Bomb Trace #2 

VB2 



X 
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IX, C, Test Summary (cont.) 

If not, the second configuration would be subject to the same procedures. 

In the event that the second could not be stabilized, a maximum of six addi- 
tional configurations would be examined. 

The first configuration to be tested, the DRl , proved mostly 
stable through the checkout and operating point testing. The DR2 configura- 
tion was then installed, with the objective of improving the marginal tune 
of DRl. It too was mostly stable through the operating point testing. The 


ARl configuration, the alternate design to come out of acoustic modeling, 
was then evaluated; it proved totally bomb-stable through the operating 
point testing. At this point, the testing deviated from the logic diagram; 
some question arose as to the steady-state coolability of the partition 
between the legs of the dual radial configuration. Thus, the DRl was evalua- 
ted without partitions. It proved bomb-stable, and the suspicion developed 
that the ME lA injector might not be as unstable the ME 1. So the bitune 
configuration, simulating that of earlier testing, was installed, with the 
result that the injector was indeed unstable. An alternate configuration, 
the AAl, was then evaluated. Finally the margin testing spelled out in the 
logic diagram was accomplished, using five area reductions in the legs of the 
DRl cavity arrangement. 

In all, eleven configurations were tested, as summarized in 
Table VII, These comprised five basic geometries, as detailed in Figure 66. 

The stability summary for the entire test series is presented in Table VIII 
which gives the frequency, amplitude, duration, damp time, etc., for postboinb 
responses as well as spontaneous events. A brief description of the testing 
for each geometry is given below. 

DRl Testing . The first ten tests were conducted with the dual 
radial cavity configuratioii; single bombs were detonated on seven of the tests. 
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IX, C, Test Summary (cont.) 

On two tests, moderate IL activity (1300 Hz) was experienced during the start 
transient — that is, prior to the fuel injection temperature reaching steady- 
slate conditions — and on one test some self-damped 2T (5200 Hz) was indicated. 
Postbomb ringdown frequencies showed the presence of both IT (2600 Hz) and 2T 
modes, but in no case did the bomb cause unstable combustion. 

0R2 Testing . In order to reduce the sensitivity to the 2T mode, 
both cavity legs were shortened for the DR2 testing. Six tests were conducted, 
with seven bombs being fired. Start transient IL mode was again experienced 
on two tests, as was some very long dura*^ion high amplitude 2T. All firings 
were bomb-stable. 

AR1 Testing . The axial -radial cavity configuration was evaluate 
next, in five double bomb tests. Mo postbomb instabilities were evidenced, 
although the IL mode did occur at high amplitude during the start transients 
of two firings. 


DRl(NP) Testing . In recognition that it might be impossible to 
cool the partition between cavities of the dual radial device, the stability 
of an unpartitioned device was briefly explored. In two double bomb tests, 
the DRl(NP) configuration was bomb-stable, although IL was again experienced 
in the start transient of the low chamber pressure test. 

Bitune Testing . To verify that the ME IB injector was as 
unstable as the ME lA, two tests were conducted with a bitune cavity installa- 
tion similar to that tested previously on NAS 9-13133. This entailed four 
short axial cavities tuned to the 2T mode and eight longer ones tuned to the 
IT mode. The system was spontaneously unstable in 2T and corroborated the 
basic instability of the pattern. 
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IX, C, Test Summary (cont.) 


AA1 Testing . The dual axial configuration was intended to repro- 
duce the satisfactory damping of the ARl design while improving the packaging 
and cooling aspects of it. The unit was spontaneous unstable in 2T in one test 
and in IL during the other. 

DRl Area Reduction Testing . This testing, of cavity configurations 
designed DRIA, B, C, D, and E, was performed to evaluate the effect of varia- 
tions in cavity cross-sectional area. The cross-sectional area of the two legs, 
expressed as a percentage of the injector face area, was as follows: 


Configuration 

Area of Short Leg 

Area of Long 

DRl 

27 

27 

DRIA 

27* 

20 

DRIB 

20 

27 

DRIC 

13.5 

27 

DRID 

13.5 

20 

DRIE 

13.5 

13.5 


* Entrance area reduced to 20% 


The IL mode was registered during the start period with most of these, and 
with both the DRIA and the DRIE units the IR (6400 Hz) mode was activated by 
the bomb. 


D. TEST RESULTS 

Results of these 41 tests can be interpreted in several Woys, 
none of which is entirely satisfactory because the limited number of tests 
for any condition precludes statistical significance. First, it is probably 
most pertinent to consider as a group the combustion responses to the bomb 
perturbations. This is because the bombs were initiated at steady-state 
conditions, and thus the system was operating at design cavity gas and propel- 
lant injection temperatures. Within this category, it is necessary to break 


IX, D, Test Results (cent.) 

out the nominal operating point results from all the rest. Statistically 
there seems to be little basis for grouping tests of different mixture ratio 
and chamber pressure; nonetheless this can be done. Next, the spontaneous 
responses arising during the start transient can be considered as a group, 
since the system would in actual application have to operate stably through 
the transient. Again the nominal operating point responses can be categorized 
as a separate group and, perhaps more important, those tests in which the IL 
mode was experienced can be segregated. The IL mode occurred only at low 
chamber pressure but its occurrence likely precluded initiation of other 
modes. 

Table IX is a summary of instabilities along these lines of 
categorization. It shows that at the nominal operating point, all bomb 
responses were stable except one -- the IR mode occurring with the DRIA. 
Considering all operating points, IR instabilities occurred also on the 
DRIE configuration, and IL mode was evidenced with the ORIC, D, and E units. 
Since the cavities were not tuned to damp the IL mode, its occurrence is not 
indicative of cavity effectiveness. Apart from the IL responses, all spon- 
taneous instabilities were in the 2T mode. These all occurred at the nominal 
operating point. Susceptible configurations were the ORl, DR2, Bitune, and 
AAl. Spontaneous IL instabilities were experienced by all configurations 
except the Bitune and DRIA, which were not tested at low chamber pressure. 

There were no instabilities, bomb- induced or during the start 
transient, in the high chamber pressure tests. 

E. ANALYTICAL RESULTS 

The purpose of the analytical effort was to correlate the hot fire 
stability results and in so doing evaluate the acoustic bench test and subscale 
hot fire test results described earlier. The key point in th** analysis was the 
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TABLE IX 


SUMMARY OF INSTABILITIES 


Nominal Operating Point 
Number 

Number* Unstable Mode 


All Operating Poi’^ts 
Number 

Number* Unstable Mode 


Bomb Response Onlj 


Spontaneous Response Only — Excludes 1L Mode 


Spontaneous Response Only -- Excludes 2T Mode 


* Nuirtjer of applicable responses. 
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IX, E, Analytical Results (cont,) 


correct definition of acoustic lengths of the legs of the dual cavity configura- 
tions, and this understanding resulted directly from the acoustic bench testing 
discussed in Section VI. Sood correlation of the stability trends of the DRl 
cavity configuration and several of its variations was obtained. 

These variations include the DRIE which had the minimum cross- 
section in the area reduction test series and was unstable in the IR mode, 
the DRl(NP) in which there was no partition between the two legs, and the SR7 
which had a single radial cavity identical to the longer leg of the DRl design. 
The SR7 was one of several single and dual cavity configurations tested by NASA 
during 1976 at the NASA White Sands Test Facility (WSTF). The SR7 was not 
tested at Aerojet but at WSTF exhibited instabilities in the 2T mode. It is 
included in this analysis because it represents a limiting case, namely the 
elimination of one o; the two cavity legs. 

1 . Model 


The IFAR program has a*" a subroutine the Cavity Acoustics 
Program (CAP) which calculates cavity admittance based on geometry, sound 
speed, and damping and inlet resistance parameters. For the full scale 
analysis these parameters and the sound speed were assumed to have the same 
values as derived in the subscale analysis by correlating cavity pressure 
amplitude ratios, as presented in Section VIII. 

Proper treatment of the dual cavity legs v. .s not initially 
apparent and several alternatives were evaluated by comparing predicted 
stability with experimental results. Good correlation was obtained only by 
accounting for the admittance of ooth legs when the resonant frequencies of 
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IX, E, Analytical Results (cont.) 


both were less than or near the driving frequency; otherwise, the admittance 
of the (much) higher frequency leg was neglected. This insight originated with 
the acoustic bench tests and the cork dust patterns observed in the cavities. 
Figure 67 reproduces a photograph of the cork dust pattern in an axial-radial con- 
figuration in which the higher frequency axial leg is quiescent while the radial 
leg shows much activity because the driver in the chamber is near the radial 
leg resonant frequency. 

Figure 68 clarifies the assumed leg lengths for the various 
configurations and outlines the selection of corresponding admittance values. 

For a generalized dual cavity configuration in which the main leg has a resonant 
frequency fg, if both fjjj aruJ fg are less than the driving -- i.e., chamber — 
frequency fg, then the overall admittance is assumed to be approximately equal 
to the sum of the admittances of the two legs. If the branch leg has a much 
higher frequency than the driving frequency then the overall admittance is 
assum&l to be that of the main leg only. 

Six insets on Figure 68 show the leg lengths chosen to repre- 
sent the several ORl variations. Inset A is for the basic DRl cavity or the 
DRIF reduced area configuration and applies only to the IT mode. The acoustic 
path is defined by the longer cavity leg, and the total admittance is that of 
the longer leg; t*»e shorter leg acts as a quiescent branch. Inset B shows the 
representation for higher modes (2T, 3T, IR) in the same cavities. Here the 
shorter leg is the main path and, because that occurs, the longer leg becomes 
a branch of approximately the Same length. In this case the admittances of 
the two legs combine. 

Insets C and D identify the leg lengths for the DRl(NP) 
case. Again the longer leg is activated by the ’.T mode, and the shorter leg 
by higher modes. The wave path into the shorter cavity is delineated by the 
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Figure 68. Acoustic Path and Admittance Definition 
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IX, E, Analytical Results (cont.) 


arrow; the branch formed by the remainder of the longer cavity leg has a much 
higher resonant frequency and thus the admittance is determined solely by the 
shorter leg. Inset E relates to the SR7 design, in which the single leg must 
be applied to all modes. Finally, Inset A' shows one alternative representa- 
tion of the basic ORl unit which failed to correlate. In this representation 
the longer leg is considered to be 2.5 in. long and the shorter leg a 1 .4 in. 
long branch. 


The chamber geometry and gas properties used in the analysis 
are summarized in Figure 69. The X* parameter specifies the distance from the 
injector face to the plane of combustion, which is assumed to have zero thick- 
ness; because of the close burning promoted by the splash plate injector ele- 
ment X* is taken to be zero. Since the chamber and nozzle admittances are the 
same for all cavity configurations, variations in predicted stability boundaries 
are a consequence of changes in cavity admittance only. 

The n-i "box" usually plotted on the n-t plane to represent 
the injection characteristics has, in the plots discussed below, been reduced 
to two lines defining the maximum values of n and i. The reason for this is that 
that the minimum value of r, is never of any importance in the interpretation of 
analytical results, and for the present system neither is the minimum value of 
T. The maximum value of both parameters is based on the figures in Section VII. 

2. Correlation of Test Results 


The predicted stability of the basic DRl configuration is shown 
in Figure 70, As noted, the representations of Insets A and B on Figure 68 define 
the acoustic lengths of the two cavity legs. The confinuration is predicted 
to be stable, as was experimentally demonstrated. An additional analysis was 
made to simulate cavity conditions during the start transient by assuming the 



= 8 . 12 " 

« 5.81" 
ft = 30° 

L = 13.32" 

X* = 0 

Figure 69. Chamber/Nozzl e Geometr> and Gas Properties 
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Figure 70. DRl Calculated Stability 
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IX, E, Analytical Results (cont.) 

cavity gas sound speed is only 1900 ft/sec, as compared to 3000 ft/sec at 
steady-state; under this circumstance a 2T mode instability is predicted, as 
was indeed experienced. 

Finure 71 compares the stability prediction for the DRl as 
formulated above wiui the representation of Inset A' on Figure 68. The latter 
results in a IR mode instability prediction while the former results in the 
prediction of stable operation. 

The DRIE stability prediction is shown on Figure 72. Insets 
A and B were again used to represent the leg lengths, which are the same as 
in the basic DRl configuration; the change in cross-sectional area is accounted 
for however. The prediction is for IR mode instability and this was evidenced 
experimentally. 

The unpartitioned cavity design, DRl(NP), was predicted to be 
stable, as shown in Figure 73, and it was. Variations of this design were 
evaluated in the NASA-WSTF testing: the shallow cavity was successively 

shortened from 1.3 in. to 0.5 in. without a change in stability. The explana- 
tion for this is that the higher modes travel across the width of the cavity 
— that is, follow the arrow on Inset 0 — and shortening it simply reduces 
the cross-secticnal area. Only when the path of these higher modes is elimina- 
ted, as in the SR7 cavity pictured in Inset E, does the stability change. 

That prediction is for IR or 3T instabilities; the 2T mode was actually 
experienced, indicating most likely an incorrect choice of cavity gas sound 
speed. Figure 74 shows the stability prediction for SR7. 

In summary, the stability predictions show a remarkably good 
correlation with test results. The start transient instabilities can be 
rationalized with the assumption of reduced sound speed in the cavity. The 
behavior of the unpartitioned dual cavity can be readily explained. The multi- 
mode damping capability of dual cavities can be analytically correlated by the 
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Figure 73. DRl(NP) Calculated Stability 
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Figure 74. SR7 Calculated Stability 


IX, E, Analytical Results (cont.) 


IFAR model. The key to it all is understanding the wave patterns in the 
cavities and formulating the acoustic lengths and admittances accordingly. 

F. CONCLUSIONS 

The multimode damping capability of dual cavities having a common 
entrance was demonstrated for a high performance injector requiring damping 
in three acoustic modes. However, the small number of data points limits 
the statistical significance of the test results for several of the cavity 
configurations. 

All of the basic configurations were bomb-stable if the IL 
occurrences are overlooked. At the same time, all of the basic configurations 
except ARl allowed spontaneous 2T instabilities during the start transient. 
None of the variations of the basic DRl arrangement had spontaneous instabili- 
ties; two did show bomb-induced IR instabilities, however. 

Analytical calculations by the IFAR model correlated well with 
test experience for the DRl and several of its variations o Key to the corre- 
lation was the proper formulation of the acoustic wave path and the cavity 
admittance. 
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